Purpose: The recent developments of compact air-filled ionization chambers for use in small photon beams have raised the needs to address the associated polarity effect. The polarity effect of five compact ionization chambers has been quantified at small field sizes. The origins of the polarity effect are studied experimentally and through Monte-Carlo simulations. For this purpose, the one-dimensional lateral dose-response functions were determined using positive and negative chamber's polarity. Monte-Carlo simulations were performed to study the underlying mechanism of the polarity effect by quantifying the charge imbalance in the collecting electrode and cable. Methods: Five novel compact ionization chamber designs have been studied (PTW-Freiburg: Semiflex 3D 31021, PinPoint 3D 31022 and PinPoint 31023; IBA Dosimetry: Razor chamber CC01-G and Razor Nano-chamber CC003). Output ratios were measured down to a nominal field side length of 3 mm using both polarities to evaluate the polarity effect at different field sizes. The small field output correction factors were derived using a scintillator detector as reference. To identify the origins of the polarity effect, slit beam measurements were performed to obtain their lateral dose-response functions. All measurements were performed using three chamber orientations: axial, radial crossplane, and radial inplane. The chambers were modeled according to the manufacturers' blueprints using the Monte-Carlo package EGSnrc. The charge imbalance due to electrons entering and leaving the inner electrode and cable was studied using an adapted user-code. Results: The output ratios obtained using all five chambers show field size-dependent polarity effects at small field sizes in the axial orientation, whereas no significant field size dependence of the polarity effect has been observed in the radial orientations. The chambers' lateral dose-response functions reveal that the radiation-induced charge imbalance in the inner electrode and cable is the main cause of the observed polarity effect at small field sizes. The effect is weakest for the largest PTW 31021 chamber but intensifies for smaller chambers with decreasing sensitive air volume. Consistent results have been obtained between Monte-Carlo simulations and measurement data. Conclusions: Awareness needs to be raised so that the polarity effect of novel compact ionization chambers is appropriately accounted for in small field dosimetry. The results in this work are useful to identify the magnitude of the polarity effect correction and to assist in the decisions on choosing the appropriate chambers and setups during measurements. The origins of the observed polarity effect have been elucidated using the chambers' lateral dose-response functions. The adapted MonteCarlo user-code has been used to compute the radiation-induced charge imbalance in the chamber's components. It opens the possibility to study the chamber's design with the aim to minimize its polarity effect. Small field output correction factors computed according to TRS 483 have been reported for these investigated chambers.
INTRODUCTION
High-resolution compact detectors are recommended for small field output factor measurements. [1] [2] [3] [4] [5] [6] The most common of these being silicon diodes, 7, 8 or more recently synthetic diamond detector, [9] [10] [11] and commercial scintillation detector. [12] [13] [14] Air-filled ionization chambers are considered less suitable, which is attributed to (a) the geometrical volume-averaging effect owing to the physical dimensions of the effective sensitive air cavity and (b) the perturbation of the fluence of secondary electrons due to the low density air cavity and other nonwater equivalent components such as the chamber wall and the inner electrode. 4, 15, 16 Therefore, the output ratios measured with these detectors must be corrected using the appropriate field output correction factors.
Recently, more compact designs of air-filled ionization chambers have been commercialized, making their applications in small field dosimetry worth further investigations. The air cavities of these compact chambers have dimensions in the range comparable to the solid-state detectors. Field output factor measurements using these compact ionization chambers have been reported. 14, [17] [18] [19] [20] One of the main advantages of these air-filled ionization chambers is their lower energy dependence compared to the semiconductor counterparts. Some of these chambers can be delivered with a calibration factor by the manufacturer.
Due to their small sensitive volumes, these compact ionization chambers are expected to be more susceptible to polarity effect. The sources of polarity effect have been described in the literature. [21] [22] [23] These can be separated into two classes: voltage-dependent and voltage-independent effects. One cause of voltage-dependent polarity effect, initially described by Boag, 24 is caused by the distortions of the electric field lines in the air cavity due to the small potential difference between the guard and the inner collecting electrode. As a result, the effective collecting volume, as defined by the electric field lines within the air cavity, is altered giving rise to modified dose response. This effect has been recently discussed by Miller et al. 25 for cylindrical chambers.
Boag and Wilson
26 also demonstrated that the high electric field within the air cavity may cause significant voltagedependent polarity effect since electrons liberated by incident radiation in this region will reach the positive electrode without having to form negative ions. As a result, a residual positive space charge is formed affecting the saturation behavior of the chamber. The second class, namely the voltage-independent polarity effect, is caused by radiation-induced charge imbalance in the inner collecting electrode and cable, which is sometimes referred to as Compton current. 27 This resulting net charge will either add to or reduce the signal caused by air ionizations in the sensitive volume depending on the polarity applied. Therefore, in the absence of other effects causing the polarity dependence, it is normally assumed that the true signal can be computed by the mean value of the measured signals obtained using positive and negative polarity (see Section 2.B for the mathematical derivation).
The motivations of this work are multifolded. The polarity effect for an ionization chamber is expected to become more dominant with decreasing sensitive air volume. [28] [29] [30] [31] Due to the increasing use of these compact ionization chambers for small field output factor measurements, the need to quantify the dependence of the polarity effect on field sizes of these compact chambers is addressed in this work. Awareness shall be raised among clinical users if significant polarity effect is asserted. This aspect has been studied for five compact ionization chambers down to 3 mm nominal field side length.
A mathematical approach useful to quantify the role of the volume effect in small field dosimetry is the convolution model, represented by the convolution integral
Kðx À n; y À gÞDðn; gÞdndg (1) which transforms a given lateral dose profile, D(x,y), into the distorted lateral signal profile, M(x,y), by convolution with the detector's lateral dose-response function, K(x,y). 4, 10, [14] [15] [16] [32] [33] [34] [35] The detector-specific convolution kernel K(x,y) (free from polarity effect) has been shown useful to characterize the physical effects underlying both the small field output correction factors and the distortion of the signal profiles due to the volume effect associated with the detector's construction. Additionally, detailed analysis on the difference between the polarity dependent K(x,y) can help the understandings on the origins of the field size-dependent polarity effect associated with ionization chambers. This would in turn provide insights on how this effect can be reduced or be accounted for in clinical practice. Furthermore, an adapted Monte-Carlo user-code based on the EGSnrc package has been developed to simulate the radiation-induced net charge in the inner collecting electrode and the cable, that is, due to the imbalance between the secondary electrons ejected from and stopped in these components. The simulation results are compared to measurements in this work.
MATERIALS AND METHODS

2.A. Detectors
The polarity effect of five compact ionization chambers was investigated: Semifex 3D 31021, PinPoint 3D 31022, and PinPoint 31023 (PTW-Freiburg, Germany); and Razor chamber CC01-G and Razor Nano-chamber CC003 (IBA Dosimetry, Schwarzenbruck, Germany). The details of the chambers are listed in Table I .
2.B. Output ratios measurements
Output ratios were measured at an Artiste linear accelerator (Siemens Healthcare, Erlangen, Germany) with 6 MV photon beam in a MP3-M water phantom (PTW Freiburg, Freiburg, Germany). The phantom was positioned at a source-to-surface distance (SSD) of 90 cm. For each ionization chamber, measurements were carried out using three chamber orientations: axial, radial crossplane, and radial inplane (see Fig. 1 ). Measurements were differentiated in radial crossplane and radial inplane orientations due to the possible asymmetric dosimetric field sizes, even when symmetric nominal field sizes were configured. The chambers were positioned with their effective points of measurement at 10 cm depth. The output ratios were obtained using positive and negative polarity. The chambers were allowed to stabilize each time after the polarity was reversed. This was achieved by pre-irradiating the chambers with 10 Gy followed by a background measurements after the pre-irradiation. The convention of polarity setting used in this work always refers to the potential of the outer electrode relative to that of the inner collecting electrode, that is, positive polarity refers to positive charge collection at the collecting electrode and negative polarity refers to negative charge collection at the collecting electrode. A bias voltage of 300 V was used for all chambers, which corresponds to the voltage recommended in the chamber's specifications for these chambers. Due to the compact design of these chambers, Jaffe plots for all five chambers were obtained to evaluate the suitability of the chosen voltage. The values at 300 V were found to lie within the band of linear fit between 1/M and 1/U. Nevertheless, voltage lower than manufacturer's recommendation could be used for these chambers, especially for the smallest CC003 chamber. Measurements were repeated with 100 V for this chamber and the results were consistent with the results presented here for 300 V.
The output ratios were measured at square fields with nominal side lengths configured at the accelerator console of 3, 4, 5, 6, 7, 10, 15, 20, 30 , and 40 mm. The field output factors were approximated using a commercial scintillation detector Exradin W1 (Standard Imaging, Middleton, USA), which has been demonstrated as a suitable reference detector [12] [13] [14] at small field sizes due to its high water equivalence and small diameter of the active volume (1 mm). W1 measurements were performed using the protocol described in a previous publication for Cerenkov correction by aligning its cylindrical axis to the beam's axis.
14 Since measurements were performed on different days, a set of reference output ratios that is associated with the W1 measurements was obtained using a silicon diode detector (Type 60017, PTWFreiburg, Germany). This was used to check the consistency of the machine output and collimator configurations at these small field sizes before each measurement. The measurements were normalized at the field size of 40 mm 9 40 mm.
All detectors were read out with a Tandem electrometer (PTW-Freiburg, Germany). Each detector was centered in the phantom using the CenterCheck application, associated with the water tank system, with modified step width (mephysto package, PTW-Freiburg, Germany). Since the nominal field side lengths of small photon beams usually deviate to a certain degree from the dosimetric field side lengths, the dosimetric field sizes were determined at the measurement depth using EBT3-films (Ashland Specialty Ingredients, Bridgewater, NJ, USA) as described in Poppinga et al. 14 The EBT3 films were calibrated in water and irradiated with a 10 cm 9 10 cm 6 MV photon field at doses up to 3 Gy. For the field size measurements, the films were irradiated with approximately 1.5 Gy at all field sizes. All films were scanned at least 24 h after exposure with a scan resolution of 72 dpi for the calibration films and 600 dpi for the measurement films at a color depth of 16 bit per color channel (RGB), using an Epson 10000XL scanner including transparency unit with all corrections turned off, together with the software package EpsonScan (Seiko Epson Corporation, Nagano, Japan).
The effective dosimetric field side lengths, s eff , were computed as s eff ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
, where x 1=2 and y 1=2 are the full width at half maximum values of the dose profiles in the x and y directions, respectively. 6, 13, 14, 36 The polarity effect correction factor, P þ pol , for measurements using positive polarity is calculated according to dosimetry protocols, such as the TG-51, as follows:
where the M þ and M À represent the raw signals obtained using positive and negative polarity, respectively. Since M þ and M À usually have opposite signs, we can rewrite Eq. (2) above as
The polarity-corrected measured signal, M, derived from the raw signal obtained using positive polarity, M þ , is therefore given by which is equivalent to the average of the absolute raw signals obtained using positive and negative polarity. The output ratios (OR) using axial (ax), radial crossplane (cp), and radial inplane (ip) chamber orientations along the central axis (x = y = 0) were obtained by normalizing (6) where
; 0Þ s eff represents the reference dose values obtained using the W1 scintillation detector at the same measurement points along the central axis. The polarity-corrected small field output correction factors, k ax=cp=ip , were obtained using the polarity-corrected OR ax=cp=ip ð0; 0Þ s eff in the denominator of Eq. (6). It is noteworthy that, while the polaritycorrected small field output correction factors, k ax=cp=ip , account for the perturbation effects at small fields such as the volume-averaging effect and the perturbation of the fluence of secondary electrons due to the chamber's nonwater equivalent components, the correction factors k þ=À ax=cp=ip include additionally the polarity effect correction.
2.C. Slit beam measurements
The experimental setup of slit beam measurements was done analogously as described in Poppinga et al. 10 at an Artiste and Primus linear accelerator (Siemens Healthcare, Erlangen, Germany). Two lead blocks formed a well-defined 0.05 cm wide (y-direction) and 10 cm long (x-direction) slit. All measurements were performed at 3 cm depth. The slit beam dose profiles, denoted as D(x), was measured with radiochromic EBT3 films. The slit beams produced at both linear accelerators using the same setup have been shown to be equivalent using film measurements. The ionization chambers were scanned using three chamber orientations: axial (ax), radial crossplane (cp), and radial inplane (ip) as denoted in Fig. 1 . The resulting absolute slit beam signal profiles are denoted as M þ ax=cp=ip ðxÞ and M À ax=cp=ip ðxÞ for measurement using positive and negative polarity, respectively. The read out was performed using Tandem dosimeter by recording the absolute value of the signals. Since the measurements were performed on different days, the silicon diode PTW 60017 was used to acquire a set of reference silicon diode profile directly after the slit beam dose profile was measured with EBT3 films. Before each measurement, the measured silicon diode profile was compared to the reference diode profile to ensure the consistency of the measurement setup. All measurements were acquired with a step width of 0.1 mm. Each time after reversing the polarity, the chambers were allowed to stabilize using the same procedure for output ratio measurements as describe previously. The polarity-corrected signal profiles M ax=cp=ip ðxÞ were computed as the mean of M The iteration process consists in the generation of a sequence of approximations K n ðxÞ for the iteration step n by which the lateral dose-response function KðxÞ is stepwise approximated. The n-th approximation K n ðxÞ is numerically convolved with slit beam dose profile obtained using EBT3 films, D(x), yielding the corresponding approximated slit beam signal profiles M n ðxÞ. In the next step, the next approximation K nþ1 ðxÞ is derived from K n ðxÞ making use of the difference between the measured slit beam signal profiles M(x) and the approximation value M n ðxÞ
The iteration is started by assuming K 1 ðxÞ ¼ MðxÞ and the termination criterion is chosen to allow an average relative deviation of each x value below 1%.
2.D. Monte-Carlo simulations
2.D.1. Chamber models
All the detectors investigated in this study were modeled according to the manufacturer's blueprints. The effective collecting volume was defined as described in a previous study. 38 The finite element analysis software QuickField (Tera Analysis Ltd., Svendborg, Denmark) was used to calculate the electric fields within the air cavities of the ionization chambers. The potential of the outer electrodes was set to +300 V, and both the inner electrode and the guard electrode were grounded. The effective collecting volume was defined by the region where the field lines run from the outer to the inner electrode. No difference, except for the opposite direction of the electric field, was observed by reversing the polarity of the chamber, that is, by setting the potential of the outer electrode to À300 V. The regions of effective collecting volume were implemented in the Monte-Carlo models of the chambers. The chambers were positioned at 3 cm depth in a water phantom as was done during the measurements.
2.D.2. Slit beam calculations
The setup for the slit beam measurements was modeled using the Monte-Carlo package EGSnrc 39 (released 2017) and the egs_chamber code. 39 The photon fluence profile of the slit beam used during the measurements was derived by deconvolution of the slit beam dose profile, D(x), in water measured with EBT3 films using a Monte-Carlo simulated dose vs fluence convolution kernel of an ideal, narrow, and parallel ideal slit beam of 0.25 mm width. 4, 40 The slit beam used during the measurements was then modeled as a virtual source by superpositioning parallel beams with different intensities to resemble the photon fluence profile derived. The photon spectrum used in the simulations was obtained from a full simulation of the linac together with the lead blocks. The slit beam dose profile was simulated using 0.25 mm 9 0.25 mm 9 2 mm water voxels.
In the simulations, the one-dimensional slit beam profiles, M MC ax=cp=ip ðxÞ, were scored as the energy deposition within the effective collecting volumes of the detectors 38 as a function of the detector's position along the x-axis. The corresponding lateral dose-response function K MC ax=cp=ip ðxÞ was computed analogously as the measured counterparts via deconvolution.
2.D.3. Radiation-induced charge imbalance
An adapted Monte-Carlo user-code was developed, based on the existing cavity user-code in EGSnrc, to calculate the radiation-induced net charge, Q net , within the inner electrode and the cable due to the imbalance between the secondary electrons ejected from and stopped in these components. As shown in Fig. 2 , the modified Monte-Carlo user-code tracks each secondary electron within the simulation geometry where its new location after each transport step is registered. Each of these secondary electron tracks is stored and later analyzed in terms of its start and end point. The start point is the point of interaction, at which it is released, and the end point is either the point within the simulation geometry, at which the secondary electron is stopped when its kinetic energy falls below the chosen cutoff of 10 keV, or at which it exits the simulation geometry (30 cm 9 30 cm 9 30 cm water phantom). If the secondary electron starts within and
À19 Coulomb. If the secondary electron started outside and stopped within the inner collecting electrode or cable, the count of Q in is increased by one elementary charge. The radiation-induced net charge is then calculated as
Q net is negative, when there are excess negative charges in the inner electrode or the cable and vice versa. The energy deposited within the effective collecting air volume, EDEP, is converted to absolute charge, jQ EDEP j, by dividing EDEP by the average energy required to produce one ion pair in air, 33.97 eV, times the elementary charge. The absolute measured charge using positive polarity is therefore given by
Consequently, the absolute measured charge using negative polarity is given as
The absolute corrected signal due to energy deposition in the detector's sensitive volume is obtained by combining Eqs. (9) and (10) jQ
Note that Eq. (11) is analog to Eq. (4), where the corrected signal is given by the average of the absolute raw signals obtained using positive and negative polarity.
The simulations were performed as described in Section 2.D.2 using a slit beam geometry. Q EDEP (x), Q out (x), Q in (x), and subsequently Q net (x) were scored as a function of the detector's position along the x-axis. The ionization chamber was modeled as described in Section 2.D.1, but the cable connected to the inner collecting electrode has been included in the model.
RESULTS
3.A. Polarity effect correction factors
The polarity effect correction factors for measurements using positive polarity, P þ pol , computed according to Eq. (3), are presented for all the five investigated chambers in Fig. 3 . All chambers show considerable field size dependence in the axial chamber orientation (a and b), where the polarity effect increases continuously with decreasing field size. Furthermore, the polarity effect also decreases with increasing chamber's volume, where the weakest effect is observed for the PTW 31021 chamber and the strongest effect is observed for the smallest CC003 chamber. No field size dependence is observed in the radial orientations (c-f). At large field sizes (20 mm < s eff < 40 mm), the polarity correction falls below 0.4% for all chambers and measurement orientations. All measurements presented were repeated at least once. The interval between the two measurements varies from 2 weeks to 3 months. The polarity effect correction factors deviate by 
3.B. Output ratios
Figures 4 and 5 show the detectors' output ratios, OR, obtained using positive and negative polarity (a-c) and the small field output correction factors, k, (d-f) for two of the five investigated chambers (PTW 31022 and IBA CC003). The corresponding figures for the other three investigated chambers have been submitted as supplementary materials to this paper (Figs. S1-S3 ). After polarity effect correction was applied, the strongest volume effect is observed in the axial orientation for the PTW 31021 chamber with the largest air cavity radius (2.4 mm), followed by 31022 (1.45 mm) and 31023 (1.0 mm). The IBA CC01-G chamber shows lower volume effect than the PTW 31023 with the same air cavity radius (1 mm). This difference can be attributed to the thicker chamber wall of IBA chambers made of plastic conductor with higher density than water, 4,5 partially compensating the low-density air volume. The wall density also contributes to the observed overresponse (k < 1) of the smallest IBA CC003 chamber at small field sizes.
For the chambers with symmetrical 3D-design (PTW 31021, PTW 31022, and IBA CC003), the output ratios and the corresponding small field output correction factors are very similar in all three chamber orientations. Both the PTW 31023 and IBA CC01-G chambers exhibit larger volume effect in the radial than in the axial orientation as the length of the air cavity of these chambers is larger than its radius. (Figs. S4-S6 ). All five chambers exhibit significant difference between the measurements using positive and negative polarity for the axial (ax) and radial crossplane (cp) orientations. The strongest effect is observed when the slit beam was directed toward the inner electrode and cable, where a larger number of electrons are ejected in these components. As the result, the functions K axial (a, b), radial crossplane (c, d) , and radial inplane (e, f) orientation the guard of the chamber, in which enhanced secondary electrons production compared to in water takes place. Furthermore, the asymmetry of the measured slit beam profiles observed Figs. 7(a), 7(b), 7(d), and 7(e) was caused by a small geometrical misalignment between the cable and the chamber's axis as cable irradiation is also a main contributor to the polarity effect. During repetitions of the measurements, the asymmetry of the slit beam profiles was changed when the chambers were rotated about their symmetry axes. Since a large part of the cable is embedded within the closed chamber body, it was not possible to align the cable so that the resulted asymmetry could not be completely removed but only minimized. Nevertheless, it is noteworthy that this asymmetry vanished in the polarity-corrected profiles.
3.C. Lateral dose-response functions
The difference between the slit beam profiles of positive and negative polarity is the weakest for the PTW 31021 chamber with the largest sensitive volume. The Monte-Carlo simulated M To further illustrate the origins of the polarity effect, the slit beam measurements were repeated with the PTW 31022 chamber in radial crossplane orientation [comp. Fig. 6(b) ]. The slit length along the x-axis was varied at the side, where the chamber stem was located (X2). The results presented in Fig. 8 reveal that the difference between positive and negative polarity increases with increasing slit length, that is, when a larger portion of the cable was irradiated. At the shortest slit length (X2 = 3 mm), which corresponds approximately to the length of the air cavity, only small difference between the polarity was observed. The continuing increasing difference between both polarities up to 90 mm slit length on the chamber stem side reveals that not only the inner electrode but also the cable irradiation is contributing significantly to the polarity effect.
3.D. Monte-Carlo simulations of the radiationinduced charge imbalance
The adapted Monte-Carlo user-code was validated using the model of the PTW 31022 chamber by comparing its calibration factor (Gy/Coulomb) under the calibration condition with a 10 cm 9 10 cm 60 Co beam. The ionization chamber was positioned at 5 cm depth in a water phantom with SSD 80 cm. The charge collected in the unit Coulomb, Q EDEP , within the effective sensitive volume was simulated using 5 9 10 9 histories. The dose to water under the same radiation condition was obtained in a small water voxel (1 mm 9 1 mm 9 1 mm) with the cavity user-code. The Monte-Carlo simulations resulted in a calibration factor of 2.62 9 10 9 Gy/ Coulomb (AE0.9%). The calibration factor provided by PTW for a chamber of the same model is 2.50 9 10 9 Gy/Coulomb (AE1.1%). This small deviation could arise from the discrepancy between the actual effective sensitive volume and the one implemented in the Monte-Carlo model obtained as described in Section 2.D.1. Figure 9 shows the measured absolute slit beam profiles, M normalized to the measured polarity-corrected functions M cp ðxÞ at x = 0. The sharp peak and the local minimum observed in the measured slit beam profiles using positive and negative polarity, respectively, at the center of the chamber were reproduced using Monte-Carlo simulations. This provides further indication that the radiation-induced net charge within the inner electrode and cable, Q net , causes the polarity-dependent lateral dose-response functions presented in Figs. 6 and 7. Figure 3 shows that the polarity effect of all investigated chambers exhibits field size dependence at s eff < 20 mm for axial chamber's orientation, whereas no field size dependence is observed for the radial chamber's orientations. At larger field sizes, the required polarity effect correction remains almost constant for all investigated chambers, which indicates that the radiation-induced charge within the inner collecting electrode and cable is, up to a small residual difference, balanced resulting in minimal radiation-induced net charge according to Eq. (8) . At small field sizes, less secondary electrons will be released in the surrounding medium that are then stopped in the inner electrode and cable, so that the compensation effect observed for large field sizes is now deficient giving rise to the field size dependence of the polarity effect. Furthermore, due to the decreasing ionization signal in the sensitive air volume caused by the reduced output at small field sizes, the radiation-induced net charge will become more dominant. In fact, preliminary results have also demonstrated that significant polarity effect was observed along the whole profiles and not only at the center of small fields. Furthermore, extended measurements showed that the polarity effect correction remains within 0.4% up to the field size of 10 cm 9 10 cm for all chambers, except for the smallest CC003 with a sensitive volume more than 20 times less than the largest chamber investigated (PTW 31021). At reference field size, the polarity effect correction factors for 6 MV photon beam determined for the five chambers are 0.998 (PTW 31021), 0.999 (PTW31022), 0.999 (PTW 31023), 0.999 (IBA CC01-G), and 1.009 (IBA CC003). These values agree with the reported results in the literature (0.998 reported by Bruggmosser et al. 41 for the PTW 31021 chamber; 0.998 reported by Vieillevigne et al. 42 for the PTW 31022 chamber; 0.997 by McEwen et al. 43 for the IBA CC01; and 1.007 by Regiorri et al. 44 for the IBA CC003 chamber, whereas the chamber investigated by McEwen refers to the previous model of CC01 chamber with steel central electrode and the value reported by Regiorri et al. has been inversed due to the opposite definition of polarity used here and in their work). Therefore, the PTW 31021, 31022, and 31023 chambers as well as the IBA CC01-G chambers fulfill the polarity effect requirement in the TG-51's addendum 45 for reference-class ionization chamber at the reference field size.
DISCUSSIONS 4.A. Field size dependence of the polarity effect
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4.B. Origins of the polarity effect
The underlying mechanisms that cause the field size dependence of the polarity effect have been elucidated by studying the difference of the lateral dose-response functions (ref.
Figs. 6 and 7) obtained using both positive and negative polarity, which illustrate the spatial dependence of the polarity effect.
At positive polarity, the lateral dose-response functions of the chambers are more compressed with a sharp peak at the center, whereas the lateral dose-response functions at negative polarity are wider with a local minimum at the center. This reveals that the highest polarity effect is observed when a large portion of the inner collecting electrode is directly hit by the slit beam. This polarity dependence of the lateral dose-response functions is also reflected in the output ratio measurements and the associated small field output correction factors (ref . Figs. 4, 5) . Based on the convolution model according to Eq. (1), the measured signal is the product of the convolution of the dose profile with the lateral dose-response function, which acts as the convolution kernel. However, due to the more compressed shape of the lateral doseresponse functions obtained using positive polarity, the measured output ratio will be higher than the one measured with negative polarity. As a result, the correction factors k þ ax=cp=ip will be smaller than k À ax=cp=ip at these small fields. Although these factors are useful to illustrate the field size dependence of polarity effect during output ratio measurements at small fields, they should not be used to correct for the measurements performed using either positive or negative polarity. In practice, the polarity effect should be first corrected according to Eqs. (2-4) before applying the small field output correction factors free from polarity effect, k ax=cp=ip , as presented in Figs. 4, 5 and Figs. S1-S3 (green circles). Furthermore, Fig. 8 demonstrates systematically that cable irradiation also plays an essential role in causing the polarity effect. In this experiment, the length of the slit beam has been increased from 3 to 90 mm, so that length of the irradiated cable can be varied systematically. The differences in the slit beam profiles obtained using both polarities are shown to increase with increasing slit length, that is, with increasing length of cable irradiated. McEwen et al. 46 have also reported on the impact of stem irradiation on the polarity effect during the measurements of depth dose curves.
4.C. Dependence of the polarity effect on bias voltage and dose rate
Slit beam measurements as described in Section 2.C were repeated for the PTW 31022 and IBA CC01-G chambers using the axial orientation with different dose rates and bias voltages (100 and 300 V). The dose rate of the slit beam was reduced by adding 1.3 cm or 2.6 cm lead slabs on top of the tertiary lead blocks forming the slit, resulting in approximately half or a quarter of the original dose rate without the additional lead slabs. No visible dependence of the observed polarity effect on the dose rate and bias voltage was found, indicating that the observed field size-dependent polarity effect is dominated by the voltage-independent polarity effect caused by radiation-induced charge imbalance in the inner collecting electrode and the cable.
4.D. Monte-Carlo simulation of radiation-induced net charge
The Monte-Carlo user-code has been used to quantify the radiation-induced charge imbalance that gives rise to the observed polarity effect. This opens new possibilities to study the contributions of different chamber's components to the polarity effect with the aims of optimizing chamber's design, especially for use in small field dosimetry.
CONCLUSIONS
The field size-dependent polarity effect has been characterized for five compact ionization chambers. Considerable polarity effect during output ratio measurements has been observed for all chambers investigated in the axial orientation although the effect decreases with increasing chamber's volume. The slit beam measurements have been performed to study the origins of the observed polarity effect. The lateral dose-response functions of the chambers have revealed the spatial dependence of the polarity effect. These experimental results were complemented with simulations using an adapted Monte-Carlo code to compute the radiation-induced net charge in the inner electrode and cable. The results from this study demonstrate the importance of accounting for the polarity effect when using these novel compact ionization chambers for small field output factor measurements. Generally, the polarity effect for all investigated ionization chambers is shown to be lower in the radial than in the axial orientation so that radial seems to be the preferred orientation. Nevertheless, as also recommended recently in the TRS 483, 6 ionization chamber measurements using radial orientations are sometimes not feasible for nonsymmetric chambers due to the long chamber's air cavity that can cause large volume effect. Small field output correction factors according to TRS 483 have also been reported for all five investigated chambers.
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